gle reactor [1] [2] [3] . However, the instinctive microorganisms rarely fulfill the requirement of industrialization. Systems of metabolic engineering, including both elimination and enhancement of certain native or heterologous pathways and functions, are indispensable [4] . Therefore, increased research has focused on the development of genome editing biotechnologies for both targeted gene disruption and expression to promote the metabolic engineering of candidate industrial microorganisms [5] . Mobile group II intron-based targetron technology stands out among the recently developed genetic methods for its high flexibility, feasibility, and efficiency [6] .
As previously characterized [6] [7] [8] , mobile group II introns are abundant in bacteria, the mitochondria and chloroplast DNA of plants, fungi, protists and algaes. These mobile elements are also discovered in some genus of archaea. As a type of retrotransposons, group II introns generally consist of six domains (DI-DVI), in which domain V (DV) forms the active site by binding catalytically important metal ions and domain IV (DIV) usually contains an open reading frame to express the intronencoded protein (IEP) [7, 9, 10] . IEP is a multifunctional reverse transcriptase (RT) assisting in stabilizing the active RNA structure and promoting RNA splicing and intron mobility [11] [12] [13] . Combining the activities of intron RNAs and IEPs, group II introns achieve a type of highly efficient site-specific DNA integration, termed "retrohoming" [14] . In the presence of an active RT, the gene targeting and integration reaction of a mobile group II intron is largely dependent on the base-pairing of intron RNA sequences with specific DNA sequences. Therefore, targetrons are neatly programmable and controllable by modifying the intron RNA sequences in accordance with specific DNA target sites [15] .
Based on the conserved intron RNA structures, mobile group II introns are mainly divided into three classes (IIA, IIB, and IIC) [16] . Group IIA and IIB introns show high target specificity and have been widely used for gene targeting in either mesophiles or thermophiles as targetrons [6] . Examples include the group IIA Ll.LtrB intron from Lactococcus lactis [17] , the group IIB EcI5 intron from Escherichia coli virulence plasmid [18] , and the group IIB RmInt1 intron from Sinorhizobium meliloti [19] . The Ll.LtrB targetron is one of the most researched and extensively applied group II introns. It is available as a commercial product TargeTron (Sigma-Aldrich), and has been developed as the universal gene targeting tool "ClosTron" for the genus Clostridium [20] . Because of the importance of Clostridium strains in biomass bioconversion, several modifications have been reported to improve the efficiency and target specificity of the ClosTron method [21] [22] [23] [24] . However, the Ll.LtrB targetron and other developed targetrons are not suitable for gene targeting in thermophiles. Then, the development of the TeI3c/4c targetron derived from the thermophilic cyanobacterium Thermosynechococcus elongatus and its application in the targeted gene disruption in Clostridium thermocellum fills the void in thermophilic targetron technology [25] [26] [27] .
In this paper, we discuss the biochemical activities and retrohoming mechanisms of known mobile group II introns, and investigate the construction and development of various targetrons for either mesophiles or thermophiles. The deficiencies of the present targetron methods and corresponding modifications and improvements are then discussed. Finally, we review the current applications of targetrons in bacterial metabolic engineering and propose further contributions of targetron technology in eukaryotic research.
Targetrons and the retrohoming mechanism
Group II introns of different classes recognize their DNA target sites differently as previously summarized [6] . Intron RNAs generally contain three exon-binding sites (EBS) to base pair three intron-binding sites (IBS) of the DNA target. RTs can bind nucleotides both upstream and downstream of IBS sequences to promote the retrohoming process [11] [12] [13] 28] . High specific gene targeting of group II introns is limited by the double recognition of both intron RNA and RT to the DNA target sites. Thus, on the condition that selected DNA sequences contain the recognition sites of RT, intron RNA-encoding genes should be modified to accommodate specific DNA target sites. Computer algorithms and relative tools have been developed for targetron designation based on the published design principles [18, 26, [29] [30] [31] . These resources significantly facilitate the application of targetron technology in genetic manipulation. As shown in Fig. 2 , targetron technology involves five main steps. The first step is the construction of a retargetable targetron containing both an autocatalytic sitespecific intron RNA and an IEP with RT activity. The rational programming of intron RNA-encoding genes can be easily achieved by overlapping PCRs using primers carrying discrepant target-site recognition sequences [31] . Together with the RT expression cassette, the obtained site-specific intron RNA-encoding gene should be cloned into a host-specific or broad-host-range vector backbone. The constructed targetron plasmid should also contain genetic selection markers. The second step of targetron technology is the RT-dependent RNA splicing, which is the first reaction of the retrohoming mechanism [7] . Targetron plasmids are normally transformed and stably replicated in host cells to express both intron RNA and RT protein. The active RT then interacts with the intron transcript to promote the intron RNA splicing, and then tightly binds to the resulting intron lariat to form a ribonucleoprotein (RNP) complex. The RNP complex recognizes the specific DNA target sequence, integrating into the top strand, and initiating the intron RNA reverse splicing. As described above, the DNA recognition requires both the base pairing of intron RNA and the site-specific binding of RT. The bottom strand of the target DNA is then cleaved by the endonuclease activity of RT, leaving a 3' end as a primer for reverse transcription of the inserted intron RNA and cDNA synthesis. In the last step, the intron sequence is integrated into the host genome at the desired site by cellular DNA recombination or repair. The integration mechanism has been illustrated and reviewed elsewhere [6] . Along with the development of the thermotargetron method [26] (see Section 3.2 for details), targetron technology can be applied in both mesophilic and thermophilic microorganisms by far. In common, the application of targetron technology requires the intracellular circumstances (e.g., growth temperature, magnesium concentration, etc) that allow the expression and function of targetrons. The DNA target should contain specific sequences recognized by the corresponding intron RNA and RT. In addition, a reliable transformation method is indispensable, and a replicative plasmid containing an appropriate selection marker is needed as the targetron carrier.
Some lariat or linear group II intron RNAs can introduce a double-strand break at DNA target sites following other retrohoming mechanisms [32] . Such group II introns play similar roles as the engineered endonucleases in stimulating targeted homologous recombination. Although the stimulating level is not high and intron-aided recombination has not been wildly applied, it provides an opportunity to develop alternative group II intron-based genetic manipulation tools. In addition to group II intronbased methods, recombinase-mediated genetic recombineering is the most extensively used gene targeting strategy among all genome editing biotechnologies, and most related site-specific methods are based on homologous recombination [33] . Homologous recombination is dependent on the recognition and exchange of homologous arms between the exogenous DNA and the endogenous DNA target. Both suicide and replicative plasmids have been used as carriers of homologous arms, which requires the high efficient introduction of exogenous DNA (higher than 10 5 CFU/μg DNA) or a species-specific replicon together with effective plasmid curing, and the demand of selection markers further limits the host range and feasibility of homologous recombination [5] . Recently, the efficiency of homology-directed genetic engineering has been stimulated with the aid of zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regulatory interspaced short palindromic repeat (CRISPR)/Cas-based RNA-guided DNA endonucleases [34] . Unlike targetron methods, ZFN and TALEN require the complex designation and construction of site-specific nucleases. For CRISPR/Cas system, the endonuclease protein, instead of the guild RNA, has catalytic activity, so the DNA cutting may take place anytime the guild RNA-endonulease complex combines with the DNA target. Therefore, the gene targeting of the CRISPR/Cas strategy solely relies on the binding affinity of guild RNA, which may result in high off-targeting frequency and requires tedious subsequent screening of target mutants [34] . Furthermore, both TALEN and CRISPR/Cas systems only introduce a double-strand break into the DNA target, which may be difficult to repair by many bacteria via nonhomologous end-joining. Therefore, the function of TALEN and CRISPR/Cas in bacteria hosts are dependent on homologous recombination with high frequency. Compared with traditional recombineering strategies and other gene targeting methods, mobile group II intron-based targetron technology contains a wide host range, high integration efficiency, and simple designation and construction for retargeting.
Development of targetron technology

Mesophilic targetrons
Because of the high integration efficiency, targetron methods are particularly suitable for the gene disruption of difficult bacteria including Clostridium. Clostridium strains are potential candidates for biomass biorefinery because of their ability to degrade lignocellulose. Distinguished by structural characteristics, mobile group II introns are divided into three major classes, group IIA, IIB, and IIC. Group IIC introns are rarely applied in targetron technology because they contain short sequences for DNA recognition, which leads to low target specificity [28, 35] . Group IIA and group IIB introns result in relatively high DNA target efficiency and specificity [16] [17] [18] , and have potential applications in the development of targetron tools.
The L. lactis Ll.LtrB is a typical group IIA intron and has been well characterized [17] . The native Ll.LtrB intron contains an open reading frame (ORF) to express the reverse transcriptase LtrA in the DIV loop [17] . To analyze the mobility and integration mechanism of Ll.LtrB intron, ΔORF variants have been constructed by deleting a large region of DIV to remove the LtrA ORF, and the LtrA protein is expressed from a position right downstream of the 3' exon of intron gene [15, 29] . This configuration does not influence the integration efficiency of the ΔORF intron, and the ΔORF intron is unable to splice after insertion in the absence of LtrA and therefore stays at the inserted DNA site, resulting in a targeted gene disruption regardless of intron orientation. The modified Ll.LtrB intron variant has been used as the basis to develop Ll.LtrB-derived targetron tools [15] .
Initially, a retrotransposition-activated marker (RAM) strategy was employed to avoid potentially low integration frequencies of the retargeted intron [20, 36] . The RAM is a selectable marker (usually an antibiotic resistant gene) expression cassette inserted into group II intron DIV loop in the orientation opposite intron transcription, and is disrupted by an efficiently self-splicing td group I intron in the forward orientation. During retrotransposition of the group II intron, the selectable marker is activated by splicing the td group I intron and enables the disruptant screening for targetron integration [36] . The selection of intron insertions can be achieved by colony PCR because of the high targeting frequency of Ll.LtrB intron, and the RAM is therefore unessential [6] . Targetrons are then simplified to contain an intron gene (~0.9 kb) and a LtrA gene (~1.8 kb) under the control of an identical promoter and terminator [22, 24, 37] . The DNA target-specific sequences (IBS1, IBS2, EBS1, EBS2, and δ/EBS3) are involved in the 350-bp forepart of intron gene (Fig. 2) . With a targetron plasmid as a template, the construction of a retargetable targetron can be achieved easily by replacing the 350-bp sequence of intron RNA without changing other parts of the model targetron [31] .
EcI5 is a chloroplast-like group IIB intron discovered in E. coli virulence plasmid pO157 [38] , and its retrohoming mechanism has also been well characterized [18] . The IEP encoded by EcI5 intron RNA contains conserved RT, X thumb (associated with maturase activity), D (DNA binding), and En (DNA endonuclease) domains [8] , all of which contribute to the high activity in gene targeting (98% target efficiency). Computer algorithm has been developed for identifying EcI5-insertion sites and retargeting EcI5 [18] , which further facilitates the application of EcI5-based targetron technology. Another group IIB intron RmInt1 of S. meliloti can also be reprogrammed for gene targeting at specific DNA target sites [16] . RmInt1 employs an alternative mechanism procuring a primer for reverse transcription of the inserted intron RNA without the requirement for DNA melting [19, 39] because its RT contains no recognizable D or En domain and recognizes only two critical nucleotide residues of the DNA target sites [39] (Fig. 3) .
Thermotargetrons
High temperature promotes the lignocellulose deconstruction, reduces the risk of contamination, and facilitates the recovery of volatile products [3] . Therefore, bacterial thermophiles are of great importance in both the biorefinery of lignocellulosic biomass and the production of thermostable proteins. However, thermophiles usually have lower transformation efficiencies compared with mesophilic microorganisms, and higher gene target efficiencies are demanded [40, 41] .
Although mobile group II intron-based targetron technology demonstrates high gene target efficiency and broad host range, recent targetrons constructed on the basis of mesophilic group II introns cannot be applied in thermophiles. Group II introns have been discovered in the genomes of a number of thermophiles [27] , making it possible to develop targetron technology for thermophilic microorganisms. Recently, a thermotargetron system has been constructed for gene targeting in thermophiles based on a mobile group IIB intron TeI3c4c from the thermophilic cyanobacterium T. elongatus [26] , and has been used in the metabolic engineering of C. thermocellum for biorefinery with high target efficiencies (67-100% without selection) [25, 26] .
The intron TeI3c4c is a combination of a naturally ORF-less group II intron TeI3c and an RT protein from another group II intron TeI4c. The TeI4c RT can mobilize TeI3c efficiently [27] . Different from other known group II introns, the TeI4c RT recognizes only two bases upstream from the DNA target sites (Fig. 3) . The recognition of TeI3c4c intron to the DNA target sites depends almost entirely on the base pairing of the TeI3c intron RNA. The contribution of the RT to DNA melting is largely dispensable at higher temperatures, therefore the selection of the DNA target sites is less restricted. This feature extends the use of thermotargetron in the gene targeting of short ORFs and small non-coding RNAs, but may result in lower target specificity [26] . For example, only seven C. thermocellum mutants were successfully constructed using the initial 25 targetron constructs, and DNA hybridization analysis showed that three of the seven mutants contained off-target integration in the chromosome [26] . The relatively low success rate may be caused by deleterious off-target integrations. Further research focusing on thermotargetron design is required to avoid integration into closely matching off-target sites, and the single insertion of the intron gene should be confirmed by both sequencing and southern blot after mutant construction. The TeI3c4c thermotargetron functions in both Gram-negative (E. coli, T. elongatus) and Gram-positive (C. thermocellum) thermophiles, and should be adaptable to a wide variety of thermophiles including those have potential use in biomass utilization [25, 26] .
Improvement of targetron tools
In spite of broad-host range and high efficiency, mobile group II intron-based targetrons still require improvements. For example, either conditional or unconditional disruption can be achieved with targetron systems, depending on the insertion orientation of targetron in the chromosome DNA chain [15, 42] . The conditional gene disruption can be partially restored in the presence of reverse transcriptase from a subsequently transformed targetron plasmid, which makes the recombinant strain unstable. Therefore, DNA target sites in the antisense strands are preferred to avoid conditional gene disruptions. However, sense orientation insertions sometimes demonstrate higher integration efficiency in certain cir- cumstances, and conditional disruption is ineluctable. The conversion of conditional disruptions into unconditional disruptions can be achieved by either the reduction of RT expression in the cell, or the removal of the inserted intron sequences on the premise of targeted gene disruption. The decreased expression of RT may result in low target efficiency of the targetron. The preferred approach is the removal of formal intron sequence inserted in the chromosome DNA. Although low target efficiencies were observed, Jia et al. combined homologous recombination with the targetron system and obtained a scarless gene deletion system [21] . An efficient GETR system integrating targetrons with the Cre/lox approach was reported as a nearly scarless genome editing platform with broadhost applicability [43] . The targetrons are used as carriers in the GETR system for the delivery of lox sites into specific sites of genomic DNA, and the introduced recombinase system Cre/lox generates large-scale chromosomal insertions, deletions, inversions, and one-step cut-andpastes. This genome editing system leaves no selection markers or intact intron sequences in the genome, but several transformations are required.
Replicable plasmids are typically used as the carriers of targetrons because of low transformation efficiencies. However, the curing of targetron plasmids may be inefficient. Because of the plasmid incompatibility, the intracellular targetron plasmid impedes the successive genetic engineering, which is required in systems metabolic engineering. Cui et al. tried to solve this problem in Clostridium cellulolyticum by constructing a pyrF-based assistant system for the targetron method [23] . This screening system promoted the curing of transformed targetron plasmids and PyrF-disrupted C. cellulolyticum strain H10ΔpyrF was used as chassis, and two main steps are involved to obtain target mutant with single insertion of intron at desired site [23] . Green dashed boxes indicated the L-arabinose inducible gene expression (ARAi) system, and the gene cipC or mspI was used as target to disrupt. Ery, erythromycin; FOA, 5-fluoroorotic acid.
enabled successive gene targeting, but the pyrF-inactivated chassis must be established in advance.
The target efficiency of targetrons relies on the transformation and replicative stability of targetron plasmids in host cells. Because of the restriction and modification system ubiquitously existing in bacteria for self-protection [44, 45] , a pre-methylation of the targetron plasmids is required before transformation. To simplify the manipulation process, relative restriction enzyme genes of Staphylococcus aureus and Clostridium strains were disrupted, resulting in cell chasses that require no methylation [22, 46, 47] .
Although it is reported that off-target integrations by the Ll.LtrB targetrons are usually rare [6] , low target specificities have been reported in the ClosTron system [48] as well as the thermotargetron system [25, 26] . It is proposed that off-target integrations of targetron occurred due to sequence similarity to the desired target site and the continuous expression of targetron elements. Hence, the target specificity may be improved if the expression of targetron is controllable instead of the strong and constitute expression. An inducible ClosTron system was constructed using a newly developed L-arabinose inducible promoter (ARAi) system, and the off-target frequency of targetron in C. cellulolyticum decreased dramatically from 100 to 0% (unpublished data) (Fig. 4) .
The stem loop-like structure of the intron RNA may affect the co-transcribed genes behind [7] . Targetron may be used as a cargo to integrate an endogenous promoter region into the chromosome DNA right behind the inserted intron sequence to avoid the transcriptional interruption of the following genes [23] , because targetrons can deliver selection marker genes [43] and short sequences such as lox sites [36] in addition to disrupt target genes. DIV, specifically the DIVb loop, is the best location to insert cargo genes with minimal effect on intron mobility, but the target efficiency dramatically decreases when the cargo sequences are longer than 1 kb [31] .
Application of targetron technology
Application of targetron methods in bacterial metabolic engineering
Because of high flexibility, feasibility, and efficiency, targetron technology is considered particularly suitable for the genetic manipulation of microorganisms that are recalcitrant with traditional genetic tools [5] . The application of targetron technology in the metabolic engineering of bacterial candidates for fuel/chemical production or vaccine development has been reviewed by Enyeat et al. [6] , and the most extensive applications of targetrons are in strains of the genus Clostridium. Several Clostridium strains are of potential importance in pharmaceutics and industry because they are considered promising candidates for consolidated bioprocessing (CBP) [1] . Compared to traditional strategies, such as separate enzymatic hydrolysis and fermentation (SHF) and simultaneous saccharification and fermentation (SSF), CBP integrates multiple biochemical reactions of biorefinery into a single step and reactor, and is therefore a cost-efficient and industrially competitive strategy [1-3, 49]. Prior to the development of the ClosTron system, the mutagenesis of Clostridium strains was impossible because of the difficulty in their genetic manipulation [20, 21, 31] . For thermophilic C. thermocellum, fourteen mutants have been constructed because of the development of the thermotargetron method. This number largely exceeds the number of published mutants ever generated by homologous recombination methods [25, 26] .
There are two areas in which targetron methods have been extensively used in metabolic engineering for several mesophilic and thermophilic clostridial hosts: the promotion of biomass degradation and the enhancement of product accumulation. Metabolic engineering of mesophilic Clostridium strains, such as C. acetobutylicum, C. butyricum, and C. phytofermentans, mainly focuses on the enhancement of the production of solvents and acids by inactivating by-product pathways or negative regulators. In contrast, construction of C. cellulolyticum as well as the thermophilic C. thermocellum mutants are mainly for the analysis of function mechanism of cellulosome in order to improve the cellulose degradation activity (Table 1) . Cellulosome is a supramolecular machine assembling various enzymatic subunits using structural scaffoldins and therefore gains synergy effects to greatly promote the hydrolysis process. C. thermocellum has one of the most effective cellulosome systems [50] . By use of the thermotargetron method, a series of C. thermocellum mutants were disrupted to quantify the contribution of cellulosomal scaffoldins and synergy effects to cellulose degradation [25] . The functional analysis of cellulosome can provide useful information to direct further metabolic engineering for the more efficient production of biofuels and more complex bioconversions of cellulolytic biomass than those found in nature.
Application of targetron technology in eukaryotes
Targetron methods are mainly applied in bacterial hosts, but rarely in eukaryotes because of the barriers discussed elsewhere [6] . The abundance of intracellular magnesium may be a major bottleneck [29, 32] . The concentrations of free magnesium are up to 10 mM in bacteria [51] , but generally less than 1 mM in eukaryotes. In addition, the magnesium ion tends to bind to proteins and DNA which further decreases the availability of free magnesium in nuclei. Although no other data are available to other targetrons so far, the high magnesium concentrations are indispensable for the Ll.ltrB intron because the group II RNA requires free magnesium to catalyze RNA splicing [14] . Thus, the intracellular abundance of magnesium in eukaryotes may be too low to support targetron technology. Mastroianni et al. proved the feasibility of the application of targetron in eukaryotes by supplying Ll.ltrB intron RNP with additional magnesium into the Xenopus laevis oocyte nucleus [32] , but the required microinjection assay significantly decreases the efficiency of gene targeting in eukaryotes. Group II intron variants that can retrohome actively at low magnesium concentrations may be obtained by directed evolution. Recent studies on the crystal structure of group II introns provide the basis for rational design strategies [9, 10, 52] . The eukaryotic group II intron P.li.LSUI2, from the brown algae Pylaiella littoralis, was reported to function at unusually low magnesium concentrations [10, 53] , laying the groundwork for developing a novel eukaryotic targetron tool.
Conclusions
Along with the recent construction of the thermotargetron, mobile group II intron-based targetron technology utilizes an unprecedentedly broad host range to date. Compared to other gene targeting methods, targetron technology is considered as one of the most efficient and feasible gene targeting approaches for bacteria, particularly those that are difficult to manipulate. Further improvement and application of targetron technology are expected. For example, advanced genome editing methods, like the reported GETR system [43] , may be developed by cooperating targetron technology with other gene targeting methods to further broaden the host range and simplify the process of systems engineering. By far, targetron methods are still dependent on the availability of replicative plasmids and selection markers. The enhancement of transformation efficiency by developing sophisticated equipment may attain the direct introduction of targetrons without consideration of the replicon and screening method, which will greatly enhance the target efficiency. In addition, high off-targeting activity of introns is a common problem of targetron technology, whereas the DNA targeting specificity can be improved by tightly regulating the expression of intron RNA and RT using efficient and stringent inducible promoters.
Because of the development and improvement of targetron tools, the genetic engineering of biorefinery bacterial candidates is increasingly utilized, resulting in the enhancement of either biomass degradation or product accumulation. Although the intellectual property has to be kept in mind when targetrons are used to generate engineered strains directly for industry or commodity, we propose that targetron technology will contribute to both the scientific research on biochemical mechanisms and metabolic engineering for industrial applications. 
